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Abstract : A ncw model of wnnelling in crossed eleciric and magnetic fields proposed by
Roy and Ghosh [1] has been used 10 establish an analy  al expression for tunnel current
density  Current-Voltage charactensties in M-1-M junct s and tunnel diodes have been

computed which are in good quahtative agreement with ob.ervations A method of computing
tunnelling time has also been suggesied
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1. Introduction

The study of this problem started after Calawa e al [2] reported their observations
according to which the tunnel current was found to decrease with increasing magncuc ficlds
in InSb wnnel diodes placed in crossed clectric and magnetic ficlds. Roth et al [3] studied
the influence of such ficlds on Ge tunnel diodes and their observations were identical with
those of the former. Sceveral attempts were made later on to understand the mechamsm of
iunnelling n crossed clectric and magneuc fields, important among them being those by
Roth er al [3}, Zawadzki and Lax [4] and Aronov and Pikus [S].

Roth and his co-workers [3] proposed a phenomenological theory assuming a

guadratic dependence of Kanc voliage on the magnetie ficld. According to them, the shift in
the Kane voltage V, due to the magnetic ficld 1s defined as

AV, = a st (1
where o is a constant and #is the apphed magneuc ficld. They obtained an expression for
the nnel current given by

Jd () = ((-)-A%) exp (BV) [V = Vo — AV, (302 (2)
where A and B are constants and V 1s the apphed bias. They also obtamned the change in the
tunnel current due to the transverse magnetic ficld given by

Al,(3) = K3 [2— asf/(V - V) for (V - Vi— azf) > 0
=0 for (V - V- asf) <0 3)
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where K 1s an arbitrary paramcier assumed to be dependent on the voltage.Plotting A/, (%
aganst the magnetic ficld for scveral bias voltages, they have shown that their theoretical
curves deviate from the quadratic behaviour for higher magnetic ficlds in case of lower
biases whereas they claim good agreement for higher biases.

Zawadzki and Lax [6] showed that tunnelling is not possible in the one-band
cffective mass approximation. A two-band model has been suggested by them.Taking the
energy-momentum relation for two interacting bands suggested by Kane [7],

Ek) = [(Ex) + Eg 7”“] (4)

and using the principles of classical relativisuc mechanics, it has been shown that for E< %
(Z is the clectric ficld) the mouon 18 magneuc ficld type and for E> A, it is clectric ficld
type. They have written the Hamiltonian for an electron in a periodic potential in the
presence of a crossed ficld as

1 ¢ 2 ,
“—Zm(, (p+‘:A) +etor+ V(1) (5)

where ¢ 15 the clectronic charge and ¢ 1s the velocity of light. Solving the Schrocedinger’s
cquation after using W.K.B. approximation they have obtained the band picture which
shows that the application of the magnctic ficld curves the allowed regions away from cach
other which cffectively increases the band gap which in turn decreases the tunncel current

His expression for the lunncl current is given by

2m\ 12 [ (m) ”7' 3/2]
J(H) = 37rh ( ) exXp ‘711("1 (6)
, 9Ly
where Tyl = B 5 (M
2inc

Thus we find that mcreasing the magneuc ficld decreases . ; which has the effect of
decreasing the tunncl current J(44).

Aronov and Pikus [S] have used a two-band equaton which is similar in form to the
Dirac cquauon and treating the problem relativisuically, they have obtained an expression
for the tunnel current given by

Jh = e (- Jf_z_ [ m’s® ] )
’ B 36ak’s xp ch (£ - 9r%) 7

12
where s = ( —&) and 2’ and 31 arc effective clectric and magnetic fields. Eq. (8) 18
found to be similar in naturc 10 ¢q. (6).

In the present paper, a completely different approach has been adopted to compute the
tunnel current in crossed clectric and magnetic ficlds. Roy and his coworkers (8, 9] have
pointed out the inadequacies of the conventonal theory of tunnelling and have proposed a
completcly new approach to the entire problem of winnclling. The conventional models treat
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the electron as a particle inside the potential barrier which is untenable because one cannot
know anything about the particle so long as it is ncgotiating the barrier. It is only its
probability density which can be said to be continuous through the barrier and the new
model is based upon this approach. In the next section, an expression for the tnnel current
density under the influence of crossed electric and magnetic ficlds has been derived based
on the ideas of the new model.

2. Tunnel current density in crossed electric and magnetic fields based on the new
approach

Roy and Ghosh [1] have shown that when a tunnel device is placed in crossed clectric and
magnetic ficlds with the clectric ficld %, along the x direction and the magnetic ficld B,

along the Z-dircction, the barricr wave function for the clectron may be written as

v (x, 1) = alt) aexp H— ‘\/ ;';(B, + A) }x:l exp ( 1wi)
+a0) Bexp H+ ‘\’ % (B, + A) }r:l exp (~iw, 1) 9
2m*

where A = Y (V, - E), V, bemg the masimum height of the barrice; m* 1s the cffecuve
mass of the clectron in the barrier, (1) and «,(1) are ume-dependent coefficients and o and
fare coefficients obtained in the time-independent treatment of the barrier problem.

L .
W, = Zhr , where £1s the energy of the electron.
' h

Writing @, and @, i the two terms on the night hand sude of cq. (9) is one of the
main contentions of the new model [8, 9]. The electron, which possesses a negative kinetic
cnergy nside the barrier cannot be wreated as a particle. Neather has 1t the character of a wave
hecause the two solutions nside the barrier arc exponenually growing and decaying
funcuons. So the electron is treated as something intermediate between a particle and a
wave. It interacts with the barricr potential and there is every chance that its incident energy
Ly undergoes change to cnergy £, during the process of tunnclling.

Taking a,(¢) = 1 and a,(t) < < 1, we may write

yix,t) = acxp l:{— ‘\/ % (B, + A) Jlx:| exp (-t t)
+ a,(f) Bexp H+ ‘\’ %(B, 4+ A) }x:l exp (—iw, ) (10)

The time-dependent position probability density may be written as

i = 1o exp H— 2 \/ F(B,+ ) H +a*,(1) Braexp (- iw,)
+ a,(t) Ba* exp (- iw,d) + la, (1) 1B ? cxp| {2 )Z f; (Bi + lt ixl ‘ ‘ I “
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E,-E,
where @, = —_——-h.

Using the cquauon of continuity, the tunncl current density may be written as

(9
J, = e I{«T['W'Z}::rdx (12
Xy

where 7 is the tummelling time and x, and x, are the barrier extremcties. Evaluating the
integral of eq. (12) one finally obtains

sin w, T )
,, = .I()] —Z)T,',IIT"' + .I()z s (o, T+ 0) (13)
where
der’tlaPyy’
Jor = 2 2B oxp (- 225 W)
m
o (14
4ehwlal
and Joz = -——;;'*Zﬁ‘ exp (-2 W)
W = x5 — x, is the width of the barricr and 0 1s a phasc factor. Also
B 2 * 172
xs = [g,,—z+7"§“(vo—l:‘)] (15

Eq. (13) gives us a spectrum of tunncl current density. This cxpression suggests that the
emerging particle will not necessarily have the:same encrgy at which it was incident. There
is a definite probability for a particle incident with energy £, cmerging with a different
energy E,. The problem of computing the tunnel current density becomes a bit complicated
because of distribution of clectronic statcs on both the sidcs of the barrier. Also the incident
electrons are incoherent. To tide over these difficultics, eq. (13) is summed over all possiblc
values of E, ranging from — e 10 + oo, The infinitc range of £, has to be considered to take
into account the complete randomness n the incidence of clectrons of particular energy. Duc
to the conjugate relationship between £ and ¢, the randomness or uncertainty in time is
transferred to the uncertainty in cnergy i.c. if we regard that all the clectrons are incident
simultancously (At = 0), then the energy uncertainty becomes infinite and hence an infinite
range for E,. Thercfore, for clectrons incident with a particular energy E, we may write (8,
9]

+00

M + .,()7 Z sin ((D,,T"" 9) (16)

J(E) = J, =J
E =Sh=n 2, Mt S

E’:—oo

To convert the above summations into integrals, we write
E,-E, = ne an
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where € is the separation of consccutive energy levels E, and 2 is an integer having both

positive and negative values. Since the levels are very closely spaced, one may conveniently
write the above summations in the form of integreals as given below :

+00 400
. net
sin (%) -
J,(El) = JO| T dn +J()2 sin (T + 9) dn (]8)
(%)
which yiclds
nh
J(E) = g I (19)

The diffcrential tunnel current density at low temperaturcs may be written as
dl, gy = Ji(E) pi(E) dE (20)
where p; (E) is the density of states on the incident side, £, having been replaced by E.
P |
Wnung-é = p,(E) 2

where €2 is the volume of the clectrode to which tunnelling takes place, we may write (8]

nhe2 -
dl, @y =7 Jor pi(E) pAE) dE (21)
Ak V2

where p;(E) = p,(E) = 4n (“—;l'é—) £ (22)
Hence the total tunncl current density may be writien as

58 =la,® (23)
After substituting for Jo,, p; (£) and p, (E) onc fnally obtains

2" Pm*es2
Je@ = VR JXBA eap (- 223 W) E* dE (24)

For large barriers we may ncglect £ in comparison with V, so that x and exp (- 2xW)
become independent of E in the intcgrand of ¢q. (24). Hence

DXL 3
J, @) = 2 wmreu o2y Wy E2dE (25)
Vi
2m* eB,\ 112
wherenow xp = { 77 Vo * Th ) (26)

It is the maximum height of the barricr which is influcncing the tunnclling process
and not its shape. This is becausc in the new approach, the barricr is regarded to introduce
an uncertainty in the cnergy of the incident clectron cqual o its maximum height. This
simplifies the problem of computation of the tunncl current density. Although the shape of
the barrier in the case of an M-I-M junction is a rectangular one and that in the casc of a
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tunnel diodc is a triangular one, the maximum height of the barrier in the former case is
taken as V,, and in the latter case as E,, the band gap encrgy.

For the sake of ntcgration appearing in eq. (25), the zero of the cnergy scalc is taken
at the Fermi level of the clectrode to which the tunnelling is taking place. Thus taking the
limits to be 0 and ¢V in the casc of M-1-M junctions and 0 and AE in the case of tunnel

diodes, we have [10]
l'I( (B)] MIM = A (C’V)3

(27)
and Ul (B)]mnncl diode = A (AE).‘
where,
2 P kel
J L Emiey exp (- 2xp W) (28)

3V i
and AL = E, + £, - ¢V, E) and £, being Fermi level degeneracies on the n and p sides of
the wnnel diode respecuvely.

Eq. (24) may bc applicd to find out the tunnel current density for a barricr of any
hcight but in that casc yp cannot be independent of E and will have o be included in the
mtegral. This yiclds a lengthy cxpression but it 1s qualitatively similar 10 eq. (27).
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Figure 1. J,(B) -V (reverse) curve for a Ge tunnel diode in crossed clectnc and magnetic
fields (large bamiers)

The total tunnel currcnt may be computed by taking the product of J, (B) with the
area of the electrode to which the tunnelling is taking place.
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Considerations of the perpendicular component of encrgy may also be incorporated
by splitting p (E) and E into one-dimensional and two-dimensional components. This t0o
docs not change the results significantly.

3. Conclusions

J,(B) =V characteristics for a reverse biased Ge tunnel diode have been plotted in Figure 1
for diffcrent magnetic ficlds. As can be secn from the figure the current riscs monotonically
with bias but decrcases with increasing magnetic ficlds. Figure 2 shows the J, (B) - V
characteristics for a forward biascd InSb tunncl diode for diffcrent values of the magnetic
ficlds. It is seen that the current decreases with increasing magneuc ficlds but the peak
voltage does not shift. Both the results pointed out above agree qualitatively with the
observations of Roth ef al [3] and Calawa et al [2]. The characteristics for an M-I-M
junction show that there is a small change cven for high magnetc ficlds which may be
possibly the reason for the carly workers not having reported on such systems.
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Figure 2. J,(B) - V ({forward) curve for an InSb tunnel diode n crossed clectne and magnetc
fields (large barriers).

The identity of the magnetic ficld dependent exponenual obtained in this work and
that in Zawadzki’s work may bc shown in the following maancr

* eB,| 172
cpr:—Z‘{—z;l%‘ Vo+f'h—z} W]

o). ]
cxp 1

Sehe *am*v,

exp (- 2xp W)
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am Py 3P
exp [— © ]

= 2eheg (29)
V.,
where W =Z€‘T has becen substituted.
The effective clectric ficld appearing in cq. (29) may be cxpressed as
. ) eB.h 1/2
Ly = £ [ + 2m*V,
2 2 eB.h
and Eoer = E [ 1 “am*V, -1 (30)
after binomial expansion (since ¢B,h <<-2m*V ).
Substituting V,, = I, for a tunnel diodc, we have
eB.h
Por = T ( ' miE, 31)
aNom*'P E1
. 3 - — k.
Hence, exp(-2xp W) = exp\ - 2ehtog ) (32)

We find that Z; in our casc is different from the one appearing in cq. (7) obtained by
Zawadzki and Lax [6]. The magnctic ficld dependent term is found to be proportional 1o B,
n our case whereas it is proportional to 2f in Zawadzki’s treatment.

From cq. (31) we find the valuc of cut-off magnetic fi~1d

2m*L,
(Bz)cm-off = eh (33)

at which E ;= 0 which makes the tunnel current vanish.

Defining the critical cyclotron frequency @, (at which the wnnel current ceases) as

e Bl cut-o.
), = "-L—;n)*—“: (34)
it can be shown from eq. (33) that
2E 2 2
e S SR 2
W, = 55 = WE, = 7 (35)

because wunnelling time 7 is defined as

S A h
= barvior hoight = E, in the new approach.

T
This conclusion is exactly the samc as has been shown by Roy and Ghosh [1]. Thus a

theoretical method for computing the tunnelling time is obtained.

References

[1] DK Roy and Amitabh Ghosh 1988 Pramana J Phys 31 453
{21 AR Calawa,R H Rediker , B Lax and A L McWhorter 1960 Phys. Rev. Lett § 55
(3] H Roth, W Bemard and W D Straub 1966 Phys. Rev 145 667

[4] W Zawadzki 1969 Tunnelling Phenomena in Solids eds. E Burstein and S Lundqvist (Plenum : New York)
p219



Tunnelling in crossed electric and magnetic fields 637

{5] A G Aronov and G E Pikus 1967 Sov. Phys JETP 24 188
{6) W Zawadzki and B Lax 1966 Phys Rev Lett 16 1001
{71 E OKane 1957 J. Phys. Chem. Soluds 1 249
(81 D K Roy 1986 Quantum Mechanical Tunnelling and us Applications (Philadelphia World Scienufic)
191 PN RoyP N Singh and D K Roy 1977 Phys Leu 63A 81
(101 A P Singh 1988 PhD ‘Thesis (Bhagalpur University, India)

SA (8)





